Zero-inertia Offshore Grids: N-1 Security and Active Power Sharing by Misyris, Georgios S. et al.
1Zero-inertia Offshore Grids: N-1 Security
and Active Power Sharing
Georgios S. Misyris, Student Member, IEEE, Andrea Tosatto, Student Member, IEEE,
Spyros Chatzivasileiadis, Senior Member, IEEE, and Tilman Weckesser, Member, IEEE
Abstract—With Denmark dedicated to maintaining its leading
position in the integration of massive shares of wind energy, the
construction of new offshore energy islands has been recently
approved by the Danish government. These new islands will be
zero-inertia systems, meaning that no synchronous generation
will be installed in the island and that power imbalances will be
shared only among converters. To this end, this paper proposes
a telecommunication-free frequency droop controller to maintain
the active power balance in the offshore system and guarantee
N-1 security. Although offshore systems are the main focus of
this paper, the presented methodology could be applied to any
other zero- or low-inertia system. The frequency droop gains
are calculated solving an optimization problem which takes
into consideration the small-signal and transient stability of the
system. As a consequence, the proposed controller allows for
greater loadability of the offshore converters at pre-fault state
and guarantees their safe operation in the event of any power
imbalance.
Index Terms—Frequency droop control, High-Voltage Direct-
Current (HVDC), power sharing, stability, Voltage-Source Con-
verter (VSC), zero-inertia AC grids.
I. INTRODUCTION
W ITH the aim of reducing greenhouse gas emissions,Renewable Energy Sources (RES) are progressively
replacing conventional generation based on fossil fuels [1].
As part of this goal, in 2017 representatives of the Dutch,
German and Danish Transmission System Operators (TSOs)
established a consortium to explore the possibility of develop-
ing a North Sea Wind Power Hub (NSWPH) [2]. This project
aims at increasing the North Sea offshore wind capacity
by integrating additional 36 GW of wind power, with an
artificial island collecting all the power produced by wind
turbines and several links transmitting this power to Denmark,
the Netherlands, Norway, Germany and the UK [3]. Due
to the length of the submarine power cables, High-Voltage
Direct-Current (HVDC) technology is the only solution to
build a cost-effective transmission infrastructure. Moreover,
Voltage-Source Converters (VSC) allow for high flexibility and
improved control capabilities. Thus, the connections between
the offshore island and the onshore grids will be formed by
multiple point-to-point VSC-HVDC links; although consid-
ered at the beginning, the option of a multi-terminal HVDC
grid was discarded due to the lack of experience with HVDC
breakers [4]. The function of this NSWPH would be twofold:
(i) integrate the wind power produced by the wind turbines,
and (ii) allow for power exchanges between partner TSOs, i.e.
operate as a power hub [5].
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Fig. 1. North Sea Wind Power Hub concept.
Such a project brings together a series of new technical
challenges related to reliability of power systems with only
converter-based resources. Due to the complete absence of
synchronous generation, any power imbalance must be com-
pensated fast in order to preserve the transient stability of
the system. To deal with such quick variations, the system
will need additional devices such as DC choppers or crowbars
or a coordinated control for active power sharing [6]. The
control action can be performed using either AC slack bus or
frequency droop controllers. In case of slack bus control, one
grid-forming converter absorbs the complete deviation, while
the others operate in grid-following mode and do not take part
in the active power regulation. The main disadvantage of this
approach is that, in order to satisfy the N-1 security criterion,
it requires over-sizing of the components which act as slack
bus. On the contrary, the frequency droop control allows the
converters to mimic the behavior of synchronous generators
and share the power imbalance according to their droop gains.
As for now, frequency droop control appears as the preferable
option for preserving the power balance of the system.
The selection of frequency droop gains is mainly determined
based on the small-signal stability and transient performance
of the system. Several methods for tuning these gains are
present in the literature, [7]–[12] among others. According
to these studies, both large and small values of droop gains
should be avoided. Indeed, while high gains move the system
closer to a bifurcation point, low gains increase the response
time and result in poor transient behavior and fast discharge
of the capacitor of the HVDC links [13]. Thus, in order to
preserve the system stability, both upper and lower bounds
on frequency droop gains must be enforced. In addition to
this, other limitations must be taken into consideration when
tuning the gains of converters in zero-inertia systems. With
the main components of power converters being semiconduc-
2tor switches, current limits represent a strict constraint for
operation. Considering a zero-inertia system with multiple
converters operating in parallel, a converter-trip could result in
the violation of the current limits of some converters, which
potentially can lead to loss of synchronization during the
saturation period and eventually blocking of the converters.
As a result, the selection of the droop gains is crucial not
only for the small-signal and transient stability of the system,
but also for satisfying the N-1 security criterion. Given the
very recent development of such zero-inertia systems topology,
these aspects have not been deeply analyzed yet. The authors
in [14]–[16] study the transient stability of grid-forming con-
verters when saturated. However, in their studies they consider
only a single grid-forming converter connected to an infinite
bus.
This paper focuses on active power sharing between multi-
ple converters in a zero-inertia system, as well as the current-
limiting properties of grid-forming converters under fault con-
ditions. Particularly, considering the latest agreements between
Nordic TSOs for developing energy hubs for large offshore
wind integration [5], we investigate a system consisting of
multiple converter-based resources, as well as multiple HVDC
converter stations. We first address the operating principles
for active power sharing between the offshore converters and
the challenges for maintaining the active power balance in a
system without synchronous generators [17]–[20]. Then, we
propose a rigorous approach for satisfying the N-1 criterion
and maintain the active power balance in a 100% converter-
based system. The contributions of this paper can be summa-
rized as follows:
• We propose a primary frequency droop-based control,
which is applied in a decentralized manner without the
need of communication and regulates the active power
without violating the current limits of the converters.
• We provide a solid control-approach to satisfy the N-1
criterion by deriving a feedback gain which distributes
any active power imbalance and minimizes the steady-
state offshore frequency deviation.
Time-domain simulations highlight the robust performance
of the proposed controller. Considering the simplicity of the
control design and the obtained performance, the proposed
method is suitable for coordinating the power sharing in off-
shore systems with multiple grid-forming converters operating
in parallel. Moreover, the presented methodology is generic
and could be applied to any other zero- or low-inertia system.
The rest of this paper is organized as follows. Section
II introduces the operating principles of an offshore system
and presents the equations for power regulation between the
offshore converters. Section III introduces the methodology for
deriving the frequency-droop controller, which enables power
sharing among converters considering their current limits.
Section IV presents the simulation results demonstrating the
performance of the proposed controller in the event of large-
power disturbances. Section V concludes the paper.
II. OFFSHORE SYSTEMS - OPERATING PRINCIPLES
An offshore system consists of multiple offshore wind
farms, a collection grid that transfers the produced power from
the wind farms to a single or multiple offshore substations,
and several HVDC links which transfer the collected wind
power to the onshore systems. In the specific case of the
NSWPH, the project partners are considering to build one or
multiple artificial islands instead of having floating substations.
Multiple grid-forming converters are placed on these islands
and are used to set the frequency of the offshore system.
In zero inertia systems, offshore converters share any
power mismatch using a frequency droop control scheme. The
amount of power injected or absorbed by a converter after
a disturbance depends on the frequency droop gains. When
multiple grid-forming converters are connected to the same
AC system, it becomes difficult to define the exact amount
of power that each converter should handle after a contin-
gency (wind farm loss, converter outage, etc.). Reliability
of electricity supply is a fundamental requirement of power
system operation, such that TSOs enforce different security
criteria to limit the impact of disturbances. Among others, the
N-1 criterion establishes that the system must be capable of
withstanding the loss of a single component without violat-
ing operational security limits. Using fixed frequency droops
might require additional control actions to be in compliance
with the N-1 security criterion, such as blocking multiple
offshore converters, or curtail wind in order not to exceed
the current limits of the offshore converters. As a result, there
is a need of adaptive frequency-droop based controller that
accounts for the headroom of the converters and the varying
profile of wind power generation. In our studies, a converter
station outage is considered as a critical contingency that the
system should withstand (N-1 security).
This section presents the control principle of both offshore
and onshore system converters. Lastly, it presents the compar-
ison between primary frequency control in conventional and
zero-inertia systems.
A. Onshore VSC Control Scheme
VSCs connected to the onshore AC grids operate either
in grid-following or grid supporting mode [21]. The basic
control structure of such converters is depicted in Fig. 2 (on
the right): the main goal, in terms of active power control,
is to balance the voltage on the DC side. For point-to-point
HVDC connections, a PI controller is deployed to minimize
the steady state error between the actual DC voltage output
and the reference signal [22]. Regarding the reactive power
control, onshore VSCs either provide constant reactive power
or control the AC voltage at the Point of Common Coupling
(PCC). In our study, we consider the former case.
B. Offhore VSC Control Scheme
VSCs connected to the offshore AC network operate in grid-
forming mode [21]. Fig. 2 depicts the basic control structure of
grid-forming converter (on the left), which consists of an active
power controller, a current limiter controller and a voltage
controller. The latter also contains a static virtual impedance
controller for damping grid-frequency resonant poles and
electromagnetic transients caused by the multitude of cables
in the offshore system [23]. The inner control loop consists
of two cascaded PI controllers and feed-forward decoupling
terms as presented in [9].
The main objective of a grid-forming converter is to remain
synchronized with the rest of the grid without (i) violating
the current limits and (ii) using real-time telecommunication
(to avoid any negative impact of communication delays on
the stability of the system). The first one can be achieved
by choosing proper current limitation control strategy and the
second one by applying a frequency droop control scheme.
Current limitation strategies define the overload capability
of the converters following a large-signal disturbance, which
3Offshore system Onshore grid
rdc,ij
Udc,i Udc,j
Idc,ijPac ,i Pdc,i
PCC
Offshore 
converter
Onshore 
converter
+ +
Tdq→abc(θ) i
+
vre f kv s
s + ωv
ωre f
+
+ Δω kf +
-
P
Pre f
Active power controller
Voltage Control
uc
θ
uabc
PCC
Curren t 
Limit 
Controller
Tdq→abc(θ)uc
θ uabc
PLL
Curren t 
Limit 
Controller
ω
Active power controller
vdc
vre f
+
-
PI
Reactive power controller
Q
Qre f
+
+
PI
Pdc,j Pac ,j
Grid-forming control mode Grid-following control mode
δvgd
-
-
0
+
δvgq
-
+
kq
Tq s + 1
+
+
-
Qre f
Q
Fig. 2. Point-to-point HVDC scheme between the offshore system and onshore grids. The offshore converter is operated on a grid-forming mode, while the
onshore converter on a grid-following mode. The two control strategies are depicted respectively in blue and beige.
is primarily characterized by the output impedance character-
istics of the grid-forming converter [14]. The characteristics
are determined based on the network layout and the current
limitation strategy employed by the grid-forming converter.
As described in [16], there are two main strategies to limit
the current following a large-signal disturbance: (i) switching
the control structure of the grid-forming converter to grid-
following mode [24] or (ii) emulating the effect of a physical
impedance when the current exceeds its nominal value [15].
In this paper, the latter strategy is adopted, because it pre-
serves the functionality of the grid-forming control even if
the converter hits the current limits and gets saturated. The
main principle of the virtual impedance current limiter is to
reduce the voltage reference of the grid forming converter,
thereby preventing a large current reference [25]. For detailed
description of the current limitation strategy used in this paper,
the reader can refer to the following work [26]. One problem of
the described current limiting technique is that the outer power
loops are not adjusted to account for the headroom of the
converters and its main functionality is to limit the magnitude
of the current. To account for this issue, one could select to
adjust the angular frequency ω of the active power controller
and the voltage amplitude V of the voltage controller by means
of adjusting the droop values kf and kq , respectively (see Fig.
2). In this paper, the focus is on component outages. This
implies that the voltage difference between the receiving and
sending ends would be small and consequently that would not
justify a change in the voltage magnitude [16]. Therefore, we
only focus on the active power controller.
To enable a telecommunication-free active power sharing
and avoid oversizing the converters, a frequency droop gain
will be assigned to each converter. The post-contingency
steady-state power output of each converter will then depend
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on the ratio between its droop gain and the sum of the
droop gains of all the converters participating in active power
regulation.
C. Frequency Control in Zero-Inertia Offshore Systems
Similar to synchronous machine-based systems, the fre-
quencies imposed by grid forming VSCs must converge to
a common value at steady-state. Thus, to preserve system
stability during steady-state operation, the following condition
must be satisfied:
ω1 = · · · = ωi = · · · = ωn, (1)
∆ω1 = · · · = ∆ωi = · · · = ∆ωn, (2)
with n the number of grid-forming VSCs in the system and
∆ωi = ω
ref − ωi, where ωref is a chosen reference frequency
and ωi the frequency imposed by the converter.
In an offshore system, the frequency deviates from the
nominal value when there is a mismatch between the power
produced by the offshore wind farms and the power absorbed
by the converters. This can happen for three reasons: 1)
wind volatility, 2) wind farm disconnections and 3) converter
outages. Power deviations due to wind volatility are usually
of small value and fall within normal operating conditions.
Wind farm disconnections result in negative imbalances, as
converters will simply transfer less power to the onshore grids
and not violate their upper current limits. For these reasons, in
this paper we focus on power deviations in relation to converter
outages.
The relationship between the active power absorbed/injected
by the i-th offshore converter, P ∗, and the imposed frequency,
ωi, is given by:
P ∗i = P
ref
i +
1
kfi
∆ωi (3)
where kfi is the frequency droop gain and P
ac,ref
i is the
reference value of the active power.
The active power balance in the offshore system is given
by: ∑
w
Pwindw −
∑
i
P ∗i = 0 (4)
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Fig. 4. PQ diagram of VSC converters [27].
with Pwindw the active power produced by the w-th wind farm.
The frequency deviation in case of the outage of converter k
can be calculated by combining Eq. (2), (3) and (4):
∆ω =
1∑
i 6=k
1
kfi
(∑
w
Pwindw −
∑
i6=k
P refi
)
. (5)
In case of converter outage, thus, the steady-state frequency
deviation is inversely proportional to the sum of the droop
gains of the remaining converters connected to the grid.
It follows that, in case of converter outage, the post-fault
power flowing through the i-th converter, P ∗i , is respectively
given by:
P ∗i =
1
kfi
1∑
c 6=k
1
kfc
(∑
w
Pwindw −
∑
c 6=k
P refc
)
+ P refi . (6)
In the next section, the proposed methodology for calculat-
ing the droop gains of offshore converters will be presented.
III. PROPOSED METHODOLOGY
The scope of this work is to develop a methodology for
calculating frequency droop gains of offshore converters in
zero-inertia grids which enable current distribution among the
HVDC links without violating converter limits. In this section,
we present the optimization problem used to determine the set
of droop gains with these properties.
A. Constraints for active power sharing
Under fault conditions, current limitations of power convert-
ers are an important aspect of transient stability in zero-inertia
systems [24]. If a power converter saturates, the remaining cur-
rent is redirected to other converters. With adaptive frequency
droop control, instead, the gains are calculated and assigned to
converters based on their active power head rooms. Thus, the
selection of the frequency droop depends on the safe operating
region of the converters and the objective is to avoid reaching
the current limits, which might cause wind-up in the outer
power loops and eventually lead to instability [16].
The safe operating region of VSC converters is depicted in
Fig. 4. On the y-axis, the active power output is limited by
the maximum current the power electronic components can
withstand: as the heating is proportional to the magnitude
of the current, the active power output must decrease with
increasing reactive power output. On the x-axis, reactive power
limitations are driven by voltage constraints. To ensure that
the converter can contribute to voltage control by adjusting its
reactive power, the active power limit is set to 0.9 pu.
Following the loss of the k-th converter with active power
output Pk, the output of the other converters is adjusted to:
P ∗i = Pi +
1
kfi
1∑
c 6=k
1
kfc
Pk. (7)
From now on, for simplicity, we will use the following
parameters:
xi =
1
kfi
, α =
∑
i
xi. (8)
Active power constraints can be expressed as follows:∣∣∣∣Pi + xiα− xkPk
∣∣∣∣ ≤ P maxi . ∀i, ∀k (9)
B. Constraints to ensure small-signal stability
The control gains of grid-forming converters play an impor-
tant role on the stability of the system at pre-fault and post-
fault states. We remind that the control structure of the grid-
forming converter consists of two main elements, the active
power and the active damping controllers. As it has been
illustrated in numerous works [8], [9], [28], [29], high values
of frequency droops make the system small-signal unstable,
which is due to the high influence of eigenfrequencies on the
angle dynamics of the converter. To mitigate this influence,
an active damping controller is considered and its structure
is depicted in Fig. 2. Similar to [5], [29] we consider that
kv = 0.12 and the maximum value of the frequency droop
which preserves the small-signal stability of the system is 0.1
(kf ≤ 0.1).
Recalling the change of variable in Eq. (8), the range of
suitable values of frequency droop gains can be expressed:
xi ≥ X i, ∀i (10)
with Xi the reciprocal of the upper bound of the frequency
droop gain (of the i-th converter).
C. Optimization Problem
In Section III-A and III-B the conditions to guarantee small-
signal stability and N-1 security have been presented. These
conditions can be included as constraints in an optimization
problem, where frequency droop gains (more precisely, their
reciprocal x) are the decision variables. The optimization
problem can be formulated as:
min
x
n−1∑
i=1
n∑
c=i+1
|xi − xc| (11a)
s.t. α =
∑
i
xi, (11b)
xi ≥ X i, : ∀i (11c)∣∣∣∣Pi + xiα− xkPk
∣∣∣∣ ≤ P maxi . : ∀i, ∀k (11d)
The objective function (11a) represents the sum of the dis-
tances between the droop gains. The goal of the optimization
5problem is, thus, to find a feasible set of droop gains close to
“equal droop gains”. This is done in order to have an equal
distribution of the post-fault extra power in case constraints
(11d) are not binding. As it will be shown later in the results
section, this control objective helps to avoid power oscillations
between the offshore converters and improve the dynamic
performance of the frequency droop controllers of the grid-
forming converters [30].
Problem (11) is non-linear, as constraints (11d) contain
variables both in the numerator and denominator. As a first
step, we consider α as a fixed parameter. The value of
α depends on the desired maximum steady state frequency
deviation after the occurrence of an active power disturbance
in the offshore network. In the paper, α is considered equal to
600, which is equivalent to a maximum steady state deviation
of 0.0833 Hz after a step change of 2000 MW (2000 MW is
the rated active power of the converter). Then, by defining:
αk = α− xk, (12a)
σk =
1
αk
, (12b)
zk,i = σkxi, (12c)
constraint (11d) can be rewritten as:
|Pi + zk,iPk| ≤ P maxi . : ∀i, ∀k (13)
Although Eq. (13) is now linear, Eq. (12b) and (12c) are
bilinear. In order to linearize them, the multi-parametric dis-
aggregation technique presented in [31] is used. Eq. (12b) and
(12c) are thus recast into:
1 =
∑
b
∑
a
σˆαk,a,b · a · 10b, (14a)
zk,i =
∑
d
∑
a
σˆxk,i,a,d · a · 10d, (14b)
In order to keep consistency with Eq. (12b), the following set
of equations and inequations should be included together with
Eq. (14a):
αk =
∑
b
∑
a
a · 10b · yαk,a,b, (15a)
σk =
∑
a
σˆαk,a,b, : ∀b (15b)
0 ≤ σˆαk,a,b ≤ Sk · yαk,a,b : ∀a, ∀b (15c)∑
b
yαk,a,b = 1, : ∀b (15d)
yαk,a,b ∈ {0, 1}. : ∀a, ∀b (15e)
with a ∈ {0, 1, ..., 9} and b ∈ {ψb, ..., ηb}. In Eq. (15a),
αk is expressed as a multi-parametric sum of active decimal
powers determined by the binary variables yαk,a,b, while σk is
disaggregated into a set of continuous non-negative variables,
represented by σˆαk,a,b, in Eq. (15b). The two parameters ψb and
ηb denotes the powers of ten used for the parameterization of
αk. Eq. (15c) enforces the limits on σˆαk,a,b, which must be
non-negative and equal to the upper bound Sk at most. From
Eq. (12b), Sk = 1∑
i6=kX i
. Finally, Eq. (15d) guarantees that
only one binary variable is active for the b-th place in the
power representation of σˆαk,a,b.
Similarly, together with Eq. (14b) the following equations
and inequations are included:
xi =
∑
d
∑
a
a · 10d · yxi,a,d, (16a)
σk =
∑
a
σˆxk,i,a,d, : ∀d (16b)
0 ≤ σˆxk,i,a,d ≤ Sk · yxi,a,d : ∀a, ∀d (16c)∑
d
yxi,a,d = 1, : ∀d (16d)
yxi,a,d ∈ {0, 1}. : ∀a, ∀d (16e)
with a ∈ {0, 1, ..., 9} and d ∈ {ψd, ..., ηd}. The two param-
eters ψb and ψd are chosen according to the desired decimal
precision, e.g. −5, while ηb and ηd are determined by the
magnitude of αk and xi, respectively. For example, the upper
bound of αk is α −X k; if α = 300, ηb must be equal to or
greater than 2.
After the linearization, problem (11) is recast into:
min
Γ
n−1∑
i=1
n∑
c=i+1
|xi − xc| (17a)
s.t. (11b)− (11c) (17b)
(12a) : ∀k (17c)
(14a), (15a)− (15e) : ∀k (17d)
(14b), (16a)− (16e) : ∀i, ∀k (17e)
(13) (17f)
with Γ = {x, σˆα, σˆx, yα, yx}. Problem (17) is now a Mixed
Integer Linear Problem (MILP) and can be solved with com-
mercial and open-source MILP solvers (e.g. Gurobi, Mosek or
GLPK).
IV. SIMULATION AND RESULTS
A. Simulation setup
The test system represents an offshore power hub configura-
tion for integrating large offshore wind power. The wind power
generated by the wind farms is collected by High-Voltage
Alternating-Current (HVAC) cables (220 kV) and transferred
from the energy hub to the different countries via six point-to-
point HVDC links, as sketched in Fig. 5. The cable parameters
are taken from manufacturer data sheets [32]. The onshore
grids are represented by a grid equivalent with inertial and
primary response [33], [34]. We consider that the converters
on the offshore side of the HVDC-link can operate either in
grid-forming or grid-following mode. On the other end, the
onshore converters operate in grid-following mode, where they
provide constant reactive power and regulates the voltage of
the HVDC-link [22]. A generic model of a wind farm is used
based on the dynamic equivalent presented in [35]. As base
power, we consider Sb = 2000 MVA. We consider that the
rated power of each of the offshore and onshore converters
is 2000 MVA. As for the wind farms, their rated power is
1860 MVA.
A simplified market model is used to determine the power
flows from the island to each country on a time window of
24 hours. The resulting power flows are plotted in Fig. 6. It
can be observed that the HVDC links are used also for energy
trading between the five countries, with Norway as the main
exporter. For the dynamic simulations, the hour with the most
critical set of flows is selected, i.e. hour 17, when most of the
converters are operated close to their limits.
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For the validation of the frequency droop controller, the
outage of an offshore converter is simulated in three different
situations:
• without current limiting controller and all offshore con-
verters operating in grid-forming mode;
• with current limiting controller and all offshore converter
operating in grid-forming mode;
• with current limiting controller and some offshore con-
verters operating in grid-following mode.
The latter aims at highlighting the effectiveness of the pro-
posed scheme in handling large active power imbalances when
not all of the offshore converters participate in active power
balancing.
In all the simulations the offshore converter at outage
corresponds to the HVDC-link connecting the NSWPH to
UK, with an active power output of 1743 MW. Thus, the
loss of this converter is equivalent to an increase of active
power (1743 MW) that needs to be shared among the other
converters. It should be mentioned that, at the pre-fault state,
all the converters control the voltage at the PCC to 1 pu.
This leads to a reactive power absorption in the range of 0-
150 MVAr for all converters, which corresponds to an initial
reactive current less than 0.08 pu. By solving Problem (17)
to calculate the frequency droop gains, each converter is able
to operate within their safe operating region, avoid saturation
and remain synchronized with the rest of the grid.
B. Without current limiting
In the first simulation, the current limiting controller of the
offshore converters is not implemented. This is to see what
would be the response of the converters if current limits would
not constrain their operation.
Fig. 7 shows the system response to the converter trip.
During the first milliseconds after the outage, all the offshore
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Fig. 7. System response to an offshore converter outage. The two left figures
show the current and power output of the remaining converters with equal
droops, while the two right figures are obtained with adaptive droops. The
overload region is represented with the gray area.
converters share equally the current of the converter at outage,
which is distributed according to the frequency droop gains.
In the case with equal frequency droops, it can be seen that
the current of the dutch converter (NL) exceeds its nominal
value, which is equal to 1 pu. Since no current limiting is
applied, all the converters remain synchronised. However, with
equal droops, we can see that currents and active power flows
at post-fault are greater than their nominal values, which in
reality cannot occur due to the limited capability of the IGBTs
to operate at high currents.
Lastly, we can observe that, with equal gains, the period
of the power oscillations is shorter and the maximum active
power deviation for each converter is lower compared to the
case with different droop gains. This justifies the selection of
the objective function (17a) in Problem (17), which aims at
minimizing the distance between the values of the frequency
droops. In the particular case when none of the constraints
is violated, the solution to the optimization problem is xi =
α
n , which implies that the values of the frequency droops are
equal.
C. Virtual impedance current limiting
In the second simulation, virtual impedance current limiting
controllers are implemented. This is to see what would be the
response of the converters considering their current limits.
As demonstrated in [11] and [25], the virtual impedance
current limiting technique can be used to limit the converter
current both during transient and at post-fault state. When
applied to a system with multiple converters operating in
parallel, the main limitation of such a scheme is that it in-
creases the impedance between the converter terminal, whose
current is saturated, and the AC hub. This affects the maximum
power transfer capability of the converter and consequently
the stability of the system. To better understand this effect,
we analyze the active and reactive power transferred between
the AC hub and the converter terminals. Considering that the
dynamic virtual impedance is selected such that the impedance
seen from the converters terminal is highly inductive, the
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Fig. 8. System response to an offshore converter outage. The figures show a
comparison between equal and adaptive droops. Three cases were considered,
two in case of equal and one in case of adaptive droops. In the case of equal
droops, two different values for the Imax were considered. The upper figures
show the id, iq and total currents flowing through the converter after the
converter outage for the three different cases. The lower case depicts the
AC-HUB voltage for the three different cases.
complex power at the converter terminal is given by:
Ps =
EsEr
X
sin(δ) (18)
Qs =
E2s − EsEr cos(δ)
X
(19)
where X is the impedance between the converter terminal,
Es and Er are the voltage amplitude at the converter and AC
hub terminals, respectively, and δ is the phase angle difference
between the two sources. As it can be seen from the equations,
the maximum power that can be transmitted between the two
sources is greatly affected by the magnitude of the impedance,
which, in turn, is affected by the tuning of dynamic virtual
impedance controller. Once the current exceeds its nominal
value, the impedance X starts increasing [14], which limits the
amount of reactive and active power that can be transmitted.
As presented in Section IV-B, in the case of equal droops,
the current of one of the converters exceeds its nominal value
resulting in the activation of the limiter (X increase). On the
contrary, in the case of the adaptive droops, the current is kept
below its nominal value. As a result the value of X is not
affected and the maximum transmitted power is only affected
by the the values of Er and δ.
Fig. 8 shows the response of the converter whose current
exceeds its nominal value and the voltage at the AC-hub bus.
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Fig. 9. N-1 security check with equal droop gains.
In the simulation, the virtual impedance control scheme with
equal frequency droop gains is compared to the proposed
control strategy with different droop gains. We can see that,
with equal gains, the transient stability of the system depends
on the maximum allowable current (as defined in [14], [15])
during the overcurrent period. In case the maximum allowable
current Imax is equal to 1.1 pu, the system becomes unstable.
This can be explained as follows. After the converter outage,
the AC voltage increases (see Fig. 8 - bottom). Once the
converter’s current exceeds its nominal value, the virtual
impedance starts increasing. This leads to a further increase
of the reactive current, since the converter tries to compensate
for the dynamic increase of the impedance. This results in a
decrease of the dynamic maximum power transfer capability
of the converter and eventually to desynchronization of the
converter with the rest of the grid. As described in [15],
the value of the transient virtual impedance depends on the
difference between the maximum allowable current and the
nominal one, ∆I = Imax − In. Considering that the post-
outage current of the Dutch converter is equal to 1.04 pu (in
the simulation without current limits), the higher Imax is the
smaller the value of the transient virtual impedance is. This
explains why the system is stable with Imax = 1.2.
Finally, Fig. 9 shows the converters that do not satisfy the
N-1 security criterion during the considered 24 hours, with
equal gains and virtual impedance controllers. In case of any
converter outage, those converters marked with red dots would
hit their current limits and lead to the synchronization issues
described above. On the contrary, with adaptive frequency
droops, the system response does not trigger the applied
current limiting scheme. As shown in Fig. 8, with the proposed
frequency droop controller the current stays below its nominal
value not only at the post-fault state but also during the
transient period. This demonstrates that the effectiveness of
the proposed method is not dependent on the selected current
limiting method and that the power imbalance is distributed
according to the available power headroom, ensuring N-1
security in every time interval.
D. Different operating modes of the offshore converters
In the third simulation, we consider that two of the offshore
converters (NL and DE-1) are grid-following. This means
that these converters will not participate in the active power
balance of the island. Thus, the active power is regulated
by the rest of the offshore converters which are operated in
grid-forming mode. Fig. 10 demonstrates the effectiveness of
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Fig. 10. System response to an offshore converter outage. The figure shows
the power output of the remaining converters with adaptive droops. Two
offshore converters, NL and DE-2, are operated in grid-following mode, while
the others are grid-forming converters. The overload region is represented with
the gray area.
8the proposed scheme to distribute the power among the grid-
forming offshore converters, while considering the operating
regions of the offshore converters. As it can be seen, the
disturbance is distributed among the offshore converters and
their post-fault active power depends on their frequency droop
values. As for the grid-following converters, due to the change
of the voltage angle at their PCC, small oscillations appear in
their active power signals. However, they only last less than
0.2 seconds, which is the time that it takes for the active power
controller of the grid-forming converters to reach the new
steady state. Despite the temporary overloading of the DE-1
power converter, it can be seen that the converter rides through
the converter outage and thus the N-1 criterion is preserved.
V. CONCLUSION
In this paper, challenges with respect to active power sharing
in zero-inertia systems have been discussed and a method for
deriving variable frequency droops, which ensure active power
sharing in the system after a large disturbance in compliance
with the N-1 security criterion, has been developed. Although
the proposed approach was tested on a system representing a
zero-inertia offshore wind power hub, the presented methodol-
ogy could be applied to any other zero- or low-inertia system.
The simulation results show that, in the event of an off-
shore converter outage, the current limiting scheme based on
transient virtual impedance leads to instability. Thus, the N-1
criterion cannot be guaranteed. By considering the headroom
of each converter when calculating the frequency droop gains,
the proposed control scheme distributes the power among
the offshore converters while taking into consideration their
safe operating regions. As a consequence, it avoids converter
saturation and preserves their synchronization to the rest of the
grid. Moreover, by enforcing upper bounds on the frequency
droop gains, also the small-signal stability of the system is
guaranteed. As a result, the proposed controller allows for
greater loadability of the offshore converters at pre-fault state
and guarantees their safe operation in the event of any power
imbalance.
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